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The left-right symmetric model with doublet and bi-doublet Higgs scalars can accommodate
linear, inverse or double seesaw for generating small neutrino masses in the presence of three sin-
glet fermions. If the singlet fermions have small Majorana masses, they can form three pairs of
quasi-degenerate Majorana fermions with three right-handed neutrinos. The decays of the quasi-
degenerate Majorana fermions can realize the resonant leptogenesis. Alternatively, the right-handed
neutrinos can obtain seesaw suppressed Majorana masses if the singlet fermions are very heavy. In
this case leptogenesis, with or without resonant effect, is allowed in the decays of the right-handed
neutrinos.
PACS numbers: 98.80.Cq, 14.60.Pq, 12.60.Cn, 12.60.Fr
I. INTRODUCTION
Neutrinos are massless in the standard model (SM).
Under the SM gauge symmetry, one can introduce right-
handed neutrinos [1–5] or Higgs triplet(s) [6] to ac-
commodate the seesaw [1–5] mechanism for generating
the small neutrino masses naturally. A more attractive
scheme is to consider the left-right symmetric extension
of the SM. The left-right symmetric models [7], based on
the gauge groups SU(2)L × SU(2)R × U(1)B−L have a
number of attractive features, such as the natural expla-
nation of weak hypercharge in terms of lepton and baryon
numbers, the origin of parity violation, the existence of
right-handed neutrinos, etc.. In the original left-right
symmetric model [7] with doublet and bi-doublet Higgs
scalars, the right-handed Higgs doublet and the Higgs bi-
doublet are responsible for the left-right and electroweak
symmetry breaking, respectively. All of the fermions ob-
tain Dirac masses through their Yukawa couplings with
the Higgs bi-doublet. In this sense it is difficult to un-
derstand the small neutrino masses.
One possible solution is to replace the Higgs doublets
by the Higgs triplets [5]. The right-handed Higgs triplet
develops a large vacuum expectation value (VEV) for the
heavy masses of the left-handed Higgs triplet and the
right-handed Majorana neutrinos. The left-handed neu-
trinos then can obtain small Majorana masses through
the suppressed ratio of the electroweak scale over these
heavy masses. In this type-I [1–5] plus II [6] seesaw con-
text, the CP-violation and out-of-equilibrium decays of
the right-handed Majorana neutrinos [8] and the left-
handed Higgs triplet [9, 10] can generate a lepton asym-
metry through the self-energy [10–12] and vertex correc-
tions [8, 13]. This lepton asymmetry is partially con-
verted to a baryon asymmetry through sphaleron [14] so
that we can understand the matter-antimatter asymme-
try in the universe. This is the so-called leptogenesis
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[8–13, 15–17] mechanism.
Alternatively, one can revive the original left-right
symmetric model by introducing singlet fermions [18].
These singlet fermions can have Yukawa couplings with
the Higgs and lepton doublets. So the seesaw for the
small neutrino masses is available in the presence of the
Majorana masses of the singlet fermions. Specifically,
the small Majorana masses of the singlet fermions will
induce the inverse [19] and linear [20] seesaw while the
large ones will give the double [18] and linear [20] see-
saw. Depending on the size of the Majorana masses of
the singlet fermions, the leptogenesis can be realized in
two ways: (1) the right-handed neutrinos and the singlet
fermions form three pairs of quasi-degenerate Majorana
neutrinos; (2) the right-handed neutrinos obtain Majo-
rana masses through the seesaw contributions from the
decoupled singlet fermions. We now begin to demon-
strate these possibilities in details.
II. THE MODEL
For simplicity we do not write down the full La-
grangian. Instead, we only give the part that is relevant
for our discussions,
L ⊃ −yψ¯LφψR − y˜ψ¯Lφ˜ψR − fLψ¯LχLξR − fRψ¯RχRξcR
−1
2
mξ ξ¯
c
RξR − µχ†LφχR − µ˜χ†Lφ˜χR +H.c. . (1)
Here ψL and ψR denote the left- and right-handed lepton
doublets for each family, χL and χR are the left- and
right-handed Higgs doublets, φ is the Higgs bi-doublet,
ξR stands for the three singlet fermions. We define the
left-right discrete symmetry to be the parity, under which
the fields transform as
ψL ≡ (2,1,−1) P←→ ψR ≡ (1,2,−1) , (2a)
χL ≡ (2,1,−1) P←→ χR ≡ (1,2,−1) , (2b)
φ ≡ (2,2∗, 0) P←→ φ† ≡ (2∗,2, 0) , (2c)
ξR ≡ (1,1, 0) P←→ ξcR ≡ (1,1, 0) . (2d)
2This constrains y = y†, y˜ = y˜†, fL = fR = f , µ = µ
∗
and µ˜ = µ˜∗ in Eq. (1).
After the right-handed Higgs doublet χR develops its
VEV 〈χR〉, the SU(2)L × SU(2)R × U(1)B−L left-right
symmetry is broken down to the SU(2)L × U(1)Y elec-
troweak symmetry. At this stage, we can conveniently
divide the Higgs bi-doublet into two Higgs doublets: one
will have a nonzero VEV for the electroweak symmetry
breaking and can be identified to the SM one, whereas
the other one will not develop any nonzero VEVs but can
have a mass of the order of the left-right breaking scale.
For this purpose, it is easy to describe
φ = [φ1,−φ˜2] (3)
and then define
ϕ =
〈φ1〉φ1 + 〈φ2〉φ2√〈φ1〉2 + 〈φ2〉2 , η =
〈φ1〉φ2 − 〈φ2〉φ1√〈φ1〉2 + 〈φ2〉2 (4)
with
〈ϕ〉 =
√
〈φ1〉2 + 〈φ2〉2 , 〈η〉 = 0 (5)
for the electroweak symmetry breaking. Thus the right-
handed neutrinos νR can have the Yukawa couplings to
the SM Higgs doublet ϕ, given by
L ⊃ −hνψ¯LϕνR +H.c. (6)
with
hν = y
〈φ1〉
〈ϕ〉 + y˜
〈φ2〉
〈ϕ〉 . (7)
On the other hand, the right-handed neutrinos νR and
the singlet fermions ξR mix together as
L ⊃ −f〈χR〉ν¯RξcR −
1
2
mξ ξ¯
c
RξR +H.c. . (8)
Clearly, the mass eigenstates, determined by a linear
combination of νR and ξR, can have very different prop-
erties depending on the size of the Majorana mass term
mξ. For example, νR and ξR can form three pairs of
quasi-degenerate Majorana fermions if f〈χR〉 ≫ mξ. On
the contrary, with f〈χR〉 ≪ mξ, we can give νR Majo-
rana masses due to the seesaw contributions from ξR. In
the following we will study the realization of leptogenesis
and seesaw in the two limiting cases.
III. LEPTOGENESIS WITH LINEAR AND
INVERSE SEESAW
In the case with f〈χR〉 ≫ mξ, we can conveniently
choose the base, where f is rotated to be diagonal and
real, i.e. f = diag{f1, f2, f3}, and then diagonalize the
mass terms (8) by taking the rotations as below,
νR
i
≃ 1√
2
(
N+R
i
− iN−R
i
)
, (9a)
ξRi
≃ 1√
2
(
N+R
i
+ iN−R
i
)
. (9b)
Consequently there will be two physical Majorana
fermions,
N+i = N
+
R
i
+N+cR
i
, (10a)
N−i = N
−
R
i
+N−cR
i
(10b)
with
m
N
+
i
≃ fivχ +
1
2
mξii
, (11a)
m
N−
i
≃ fivχ −
1
2
mξ
ii
. (11b)
The Yukawa couplings (6) can be rewritten as
L ⊃ − 1√
2
hν
αi
ψ¯LαϕN
+
i +
i√
2
hν
αi
ψ¯LαϕN
−
i +H.c. .(12)
The singlet fermions ξR have Yukawa couplings to the
left-handed Higgs doublet χL [the third term of Eq. (1)].
Furthermore, χL mixes with the SM Higgs doublet ϕ,
L ⊃ − (µ〈φ1〉+ µ˜〈φ2〉) 〈χR〉〈ϕ〉 χ
†ϕ+H.c. . (13)
So, besides Eq. (12), the Majorana fermions N± can
have other Yukawa couplings to ϕ by integrating out χL,
L ⊃ − 1√
2
hξ
αi
ψ¯LαϕN
+
i −
i√
2
hξ
αi
ψ¯LαϕN
−
i +H.c. (14)
with
hξ = −f
〈χR〉 (µ〈φ1〉+ µ˜〈φ2〉)
m2χ
L
〈ϕ〉 . (15)
Here mχ
L
= O(〈χR〉) is the mass of χL. Clearly, we have
assumed mχ
L
≫ m
N
±
i
. This assumption is necessary for
a successful leptogenesis. For example, 〈χR〉 should be
bigger than O (107GeV) [9, 21] to guarantee the depar-
ture from equilibrium of N±1 , if N
±
1 is the lightest pair
with m
N
±
1
= O (1− 10TeV) to account for the genera-
tion of a final lepton asymmetry. After the electroweak
symmetry breaking, ϕ will develop a VEV 〈ϕ〉 and then
χL will pick up a smaller VEV,
〈χL〉 ≃ −
〈χR〉 (µ〈φ1〉+ µ˜〈φ2〉)
m2χ
L
≃ −µ〈φ1〉+ µ˜〈φ2〉〈χR〉
.(16)
The Yukawa couplings (15) can simply be given by
hξ = −f
〈χL〉
〈ϕ〉 = −diag{f1, f2, f3}
〈χL〉
〈ϕ〉
= diag{hξe1 , hξµ2 , hξτ3} . (17)
3A. Baryon Asymmetry
Following the standard method [12] of the resonant
leptogenesis, we can compute the lepton asymmetry from
the decays of each N±i ,
ε
N
±
i
=
∑
α
[
Γ(N±i → ψLα + ϕ∗)− Γ(N
±
i → ψcLα + ϕ)
]
∑
α
[
Γ(N±1 → ψLα + ϕ∗) + Γ(N
±
1 → ψcLα + ϕ)
]
≃
(
h
†
ξhξ − h†νhν
)
ii
Im
[(
h†νhξ
)
ii
]
4piA
N
±
i
rN
i
r2N
i
+ 1
64pi2
A2
N
∓
i
(18)
with
rN
i
=
m2
N
+
i
−m2
N
−
i
m
N
+
i
m
N
−
i
≃ 2mξii
fi〈χR〉
, (19)
A
N
±
i
=
1
2
[(
h†ν ± h†ξ
) (
hν ± hξ
)]
ii
. (20)
From the calculation (18), we emphasize that the Yukawa
couplings (12) and (14) are both necessary 1 to generate
a nonzero lepton asymmetry. For demonstration, we as-
sume N±1 to be much lighter than N
±
2,3. This means that
the final lepton and baryon asymmetry should mainly
come from the decays of N±1 . In the weak and strong
washout region, the final baryon asymmetry can be ap-
proximately given by [23]
ηB =
nB
s
= −28
79
×


ε
N
±
1
g∗
for K
N
±
1
≪ 1 ,
0.3ε
N
+
1
g∗KN±
1
(lnK
N
±
1
)0.6
for K
N±
1
≫ 1
(21)
with g∗ ≃ 106.75 being the relativistic degrees of freedom
(the SM fields). Here the quantity
K
N
±
1
=
Γ
N
±
1
2H(T )
∣∣∣∣T=m
N
±
1
(22)
measures the effectiveness of the decays of N±1 at the
leptogenesis epoch. Γ
N
±
1
and H(T ) are the decay width
and the Hubble constant, respectively, i.e.
Γ
N
±
1
=
1
8pi
A
N
±
1
m
N
±
1
, (23)
H(T ) =
(
8pi3g∗
90
) 1
2 T 2
M
Pl
. (24)
1 In the SO(10)→ SU(5)→ SU(2)
L
× U(1)
Y
models for the res-
onant leptogenesis, one could consider other possibilities [22] to
make the right-handed neutrinos and the singlet fermions both
having the Yukawa couplings to the SM lepton and Higgs dou-
blets.
B. Neutrino Masses
After the electroweak symmetry breaking, it is easy
to read the neutrino mass matrix by making use of the
seesaw formula [1–5],
L ⊃ −1
2
ν¯Lmνν
c
L +H.c. (25)
with
mν ≃ hν
1
f∗
mξ
1
f †
hTν
〈ϕ〉2
〈χR〉2
− (hν + hTν ) 〈ϕ〉〈χL〉〈χR〉 . (26)
The second term is the linear seesaw [20]. As for the first
term, it is the inverse seesaw [19] for f〈χR〉 ≫ mξ. So
we denote
mν = m
Inverse
ν +m
Linear
ν . (27)
C. Parameter Choice
For a successful leptogensis and seesaw, we need to
choose the parameter space including two types of the
Yukawa couplings (hν and f), four VEVs (〈χR〉, 〈χL〉
and 〈φ1,2〉) and two cubic couplings (µ and µ˜).
Firstly, we take
〈χR〉 = 3× 107GeV (28)
and then
m
N
±
1
= 3TeV for f1 = 10
−4 , (29a)
m
N
±
2,3
= 30TeV for f2,3 = 10
−3 . (29b)
This choice can guarantee that the gauge interactions
of N±1 have been decoupled at the leptogenesis epoch
T ∼ m
N±
1
[9, 21]. Secondly, we assume
µ ≃ µ˜ = O(0.1)〈χR〉 (30)
and then perform
〈χL〉 = 0.1〈ϕ〉 . (31)
From the above ratio, it is easy to solve
〈ϕ〉 ≃ 173GeV , 〈χL〉 ≃ 17GeV (32)
for √
〈ϕ〉2 + 〈χL〉2 ≃ 174GeV . (33)
With the inputs (29) and (31), Eq. (17) induces
hξe1
= 0.1 hξµ2 = 0.1 hξτ3 = −10
−5 . (34)
Thirdly, we consider
mξ
ij
= O(0.1 − 1 keV) (35)
4to determine
rN
1
= 10−10 . (36)
Finally, we assume the linear seesaw dominates the
neutrino mass matrix. We further consider the simple
case that the Yukawa couplings hν are symmetric, i.e.
hν = h
T
ν . In this case, it is easy to determine hν by
hν = −
〈χR〉
2〈ϕ〉〈χL〉
U∗PMNSdiag{m1 , m2 , m3}U †PMNS .(37)
Here UPMNS is the Pontecorvo-Maki-Nakagawa-Sakata
[24] (PMNS) leptonic mixing matrix while m1,2,3 are the
eigenvalues of the neutrino mass matrix. Currently the
neutrino oscillation data have precisely measured the two
neutrino mass squared differences [26],
∆m221 = m
2
2 −m21 = 7.65+0.23−0.20 × 10−5 eV2 ,
|∆m231| = |m23 −m21| = 2.40+0.12−0.11 × 10−3 eV2 . (38)
As for the PMNS matrix, it is consistent with the tri-
bimaximal mixing [25],
UPMNS =


√
2
3
√
1
3
0
−
√
1
6
√
1
3
√
1
2√
1
6
−
√
1
3
√
1
2


diag{ei
α
1
2 , ei
α
2
2 , 1} , (39)
with which we can derive
hν = −
〈χR〉
2〈ϕ〉〈χL〉


2
3
m˜1 +
1
3
m˜2 − 13m˜1 + 23m˜2 13m˜1 − 13m˜2
− 1
3
m˜1 +
2
3
m˜2 − 16m˜1 + 13m˜2 + 13m˜3 − 16m˜1 − 13m˜2 + 13m˜3
1
3
m˜1 − 13m˜2 − 16m˜1 − 13m˜2 + 13m˜3 16m˜1 + 13m˜2 + 13m˜3

 with


m˜1 = m1e
−iα1 ,
m˜2 = m2e
−iα2 ,
m˜3 = m3 .
(40)
For demonstration, let’s focus on the normal hierarchical
neutrinos, i.e.
m1 = 0 , m2 =
√
∆m221 , m3 =
√
|∆m231| . (41)
It is easy to check that the linear seesaw dominates the
neutrino mass matrix with the above parameter choice.
We also can fix the parameters (22) to be
K
N
+
1
≃ K
N
−
1
= 242 . (42)
By further inputting the CP phase
sin
h∗νe1hξe1
|hνe1hξe1 |
= sinα2 = −0.13 , (43)
the CP asymmetries (18) can also be determined,
ε
N
+
1
≃ ε
N
−
1
= −2.99× 10−5 . (44)
In consequence, the final baryon asymmetry should arrive
at
ηB = 0.886× 10−10 , (45)
which is consistent with the five-year observations of the
WMAP collaboration [27],
ηB =
1
7.04
× (6.225± 0.170)× 10−10
= (0.884± 0.024)× 10−10 . (46)
IV. LEPTOGENESIS WITH DOUBLE SEESAW
We now discuss the case with f〈χR〉 ≫ mξ. In this
case, the mass terms (8) can be diagonalized into two
blocks, i.e.
L ⊃ −1
2
mN ν¯
c
RνR −
1
2
mξ ξ¯
c
RξR +H.c. . (47)
Here the Majorana mass matrix of the right-handed neu-
trinos is a seesaw solution,
mN = −f∗
〈χR〉2
m
†
ξ
f † , (48)
5which can be of the order of mN = O(103 − 1010GeV)
for mξ = O(1016 − 1019GeV) and f〈χR〉 = O(1012 −
1013GeV). The Yukawa interaction (6) can thus realize
the leptogenesis, with or without resonant effect, in the
traditional way. The right-handed neutrinos are much
lighter than the right-handed gauge bosons so that their
gauge interactions can be decoupled naturally for the out-
of-equilibrium condition.
The right-handed neutrinos and the singlet fermions
can both contribute to the neutrino masses,
L ⊃ −1
2
ν¯Lmνν
c
L +H.c. . (49)
with
mν ≃ hν
1
f∗
mξ
1
f †
hTν
〈ϕ〉2
〈χR〉2
− (hν + hTν ) 〈ϕ〉〈χL〉〈χR〉
= −hν
〈ϕ〉2
mN
hTν −
(
hν + h
T
ν
) 〈ϕ〉〈χL〉
〈χR〉
. (50)
The first term is usually called the double seesaw [18]
since there are two seesaw steps generating the small
neutrino masses. The neutrino mass term can be con-
veniently expressed by
mν = m
Double
ν +m
Linear
ν . (51)
The linear seesaw mLinearν could be comparable to the
double seesaw mDoubleν . This implies we could relax the
constraint on the CP asymmetry in the decays of the
right-handed neutrinos from the neutrino masses if there
is a cancellation between mDoubleν and m
Linear
ν .
V. SUMMARY
In summary we have discussed the realization of lep-
togenesis and seesaw by adding three singlet fermions
with Majorana masses in the original left-right symmet-
ric model with doublet and bi-doublet Higgs scalars. De-
pending on the size of the Majorana masses of the sin-
glet fermions, the leptogenesis can be realized in different
seesaw scenarios. If the Majorana masses are small, the
right-handed neutrinos and the singlet fermions can form
three pairs of quasi-degenerate Majorana fermions to ac-
commodate the resonant leptogenesis at the TeV scale
naturally. The neutrino masses are dominated by the
linear seesaw, although the inverse seesaw also exists. In
the other limiting case, where the singlet fermions are
very heavy, the right-handed neutrinos can obtain Ma-
jorana masses through the seesaw contribution from the
singlet fermions and then give a traditional picture of
leptogenesis.
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